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Abstract
The ability of caffeine to reverse cell cycle checkpoint function and enhance genotoxicity after
DNA damage was examined in telomerase-expressing human fibroblasts. Caffeine reversed the
ATM-dependent S and G2 checkpoint responses to DNA damage induced by ionizing radiation
(IR), as well as the ATR- and Chk1-dependent S checkpoint response to ultraviolet radiation
(UVC). Remarkably, under conditions in which IR-induced G2 delay was reversed by caffeine,
IR-induced G1 arrest was not. Incubation in caffeine did not increase the percentage of cells
entering the S phase 6–8 h after irradiation; ATM-dependent phosphorylation of p53 and
transactivation of p21Cip1/Waf1 post-IR were resistant to caffeine. Caffeine alone induced a
concentration- and time-dependent inhibition of DNA synthesis. It inhibited the entry of human
fibroblasts into S phase by 70–80% regardless of the presence or absence of wildtype ATM or
p53. Caffeine also enhanced the inhibition of cell proliferation induced by UVC in XP variant
fibroblasts. This effect was reversed by expression of DNA polymerase η, indicating that
translesion synthesis of UVC-induced pyrimidine dimers by DNA pol η protects human
fibroblasts against UVC genotoxic effects even when other DNA repair functions are
compromised by caffeine.
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Caffeine occupies an important niche in the cell cycle checkpoint field. Not only does it help
bleary-eyed scientists concentrate on their experiments, it directly inhibits the checkpoint
kinases, ATM and ATR [1,2]. Indeed, caffeine’s ability to reverse delays in cell proliferation
[3] was known before ATM and ATR were identified [4–6] and even before the concept of
checkpoints was originated [7]. Caffeine is not a specific inhibitor of ATM and ATR,
however, and many of its physiologic activities derive from its action on other enzymes,
such as cyclic AMP phosphodiesterase [8]. Studies examining the effects of caffeine on
cellular responses to DNA damage are motivated by reproducible demonstrations that it
enhances the toxicity of radiations [9,10] and chemical carcinogens [11,12].
Caffeine inhibits ATM and ATR in a dose-dependent fashion. The concentration that
inhibits ATM by 50% in vitro is 1 mM and the 50% inhibitory concentration for ATR is
about 3 mM [1]. These concentrations define the range at which caffeine effectively reverses
cell cycle checkpoints and enhances cytotoxicity in carcinogen-damaged cells [3,9,13]
without significant toxicity of its own. Lower concentrations are less effective at reversing
checkpoint function and higher concentrations cause a reduction in DNA synthesis
associated with cytotoxicity [13].
The enhancing effects of caffeine on cytotoxicity in carcinogen-damaged cells may derive
from its reversal of checkpoints that act in S or G2. For ionizing radiations (IR), caffeine
produces maximal enhancement of cytotoxicity on late S/G2 cells [9], whereas for UVC
maximal enhancement occurs in S [14]. These results are rationalized by the knowledge that
DNA repair protects cells against the lethal effects of carcinogen-induced damage [15] and
the expectation that reducing the time available for repair in proliferating cells reduces repair
efficiency. DNA double strand breaks are believed to be the lethal lesion induced by
ionizing radiation, and this complex lesion may require an hour or more for repair [16].
Provision of an extra hour or two for repair before entry into mitosis, when chromosome
condensation likely blocks further repair and permanently fixes the double strand break,
would appear to be beneficial. Several studies have shown that reversal of checkpoint
function using caffeine [10,17] and UCN-01 [18] doubled the toxicity of IR in human cancer
cell lines.
Caffeine enhances the cytotoxicity of ultraviolet radiation (UVC) by its effect on damaged S
phase cells. Here the issue is complicated by the nature of UVC-induced cellular damage
and its mechanism of toxicity. UVC-induced cyclobutane pyrimidine dimers and 6–4
pyrimidine–pyrimidone adducts in DNA are repaired by nucleotide excision repair. It is
during replication of UVC-damaged DNA that mutations and chromosomal aberrations are
induced [19–21], and repair of photoproducts before DNA replication can provide
significant protection against such genotoxic outcomes. However, inactivation of colony
formation in human skin fibroblasts is rather invariant across the cell cycle [19], suggesting
that the blockage of transcription of vital genes, and not DNA replication errors, accounts
for inactivation of colony formation.
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Nucleotide excision repair and especially transcription-coupled repair provide significant
protection against UVC-induced genotoxicity, reducing the lethal effects of UVC by about
10-fold [22]. A system of post-replication repair that includes efficient translesion synthesis
of cyclobutane pyrimidine dimers by DNA pol η also provides a measure of protection.
Accurate translesion synthesis by DNA pol η reduces mutagenesis by a factor of 4 [20], and
decreases clastogenesis and cytotoxicity by a factor of two-fold or less [20,23]. Caffeine is
also known to inhibit the repair of gaps in daughter-strand DNA in UVC-damaged cells
[24]. The effects of caffeine are especially notable in XP variant cells [24], which lack DNA
pol η and must rely upon other more error-prone mechanisms of replication through UVC-
induced photoproducts. Thus, while caffeine is now known to reverse an ATR-dependent S
checkpoint that slows the rate of replicon initiation in UVC-treated cells [25], it may have an
additional effect on pol η-independent bypass of cyclobutane pyrimidine dimers, which
could involve translesion synthesis by other DNA polymerases or recombinational repair of
daughter-strand gaps.
The studies reported here were undertaken with a motivation to define more fully the
biological effects of caffeine in normal human fibroblasts (NHF). We applied sensitive and
quantitative measures of cell cycle checkpoint function to monitor DNA damage responses
in G1, S and G2 cells. While caffeine was found to reverse the S and G2 checkpoint
responses to IR, it had very little effect on G1 checkpoint function, implying that ATM is
less sensitive to caffeine in G1. Moreover, caffeine itself was found to induce an ATM- and
p53-independent G1 delay, which was saturated at 2 mM concentration of the drug. The
mechanism of this biological response remains a mystery. While caffeine also reversed the
ATR-dependent S checkpoint response to UVC, it produced very little enhancement of
UVC-induced inhibition of cell proliferation in normal human fibroblasts (NHF). In
contrast, caffeine enhanced the UVC-induced inhibition of XP variant cell proliferation by
eight-fold, and this hypersensitivity was corrected by transduction of DNA pol η. This result
is consistent with an emerging model that ATR (and downstream effectors) help to stabilize
blocked growing points to prevent replication fork collapse and lethal cytogenetic damage
[26,27].
2. Materials and methods
2.1. Cell lines and culture conditions
Normal human fibroblasts (NHF1) were derived from neonatal foreskin [28]. Ataxia
telangiectasia (AT) and xeroderma pigmentosum variant (XP-V) correspond to dermal
fibroblasts from affected individuals. The original mutant fibroblast strains were obtained
from the NIGMS Human Genetic Cell Repository (GM02052A, AT) and the American
Type Culture Collection (CRL1162, XP-V, strain XP4BE). Immortalized cell lines from
these strains of human fibroblasts were obtained by ectopic expression of human telomerase
(hTERT), as previously described [25]. The derivative cell lines described below are also
immortalized. For simplicity, we refer to the immortalized normal human fibroblasts as F1-
hTERT. XP-V fibroblasts (CRL1162-hTERT) were complemented for expression of
wildtype human DNA pol η (CRL1162 + XPV) by infection with a replication-defective
retrovirus carrying the XPV cDNA (a generous gift from Dr. Fumio Hanaoka, Osaka
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University) and the neomycin-resistance gene under control of the same viral promoter
(pLXIN). An isogenic cell line carrying the empty vector (CRL1162 + LXIN) was derived
in parallel. The same strategy was used to derive NHF1 fibroblasts expressing human
papilloma virus (HPV) type 16 E6 oncoprotein (F1-hTERT + E6) or the vector control (F1-
hTERT + LXIN). Detailed characterization of these derivative cell lines will be published
elsewhere.
Fibroblasts were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 2 mM glutamine (Invitrogen) and, in NHF1 cultures, 10% fetal bovine
serum (FBS, Sigma), in AT cultures, 15% FBS, and, in XP-V cultures, 10% FBS and 200
μg/ml Geneticin (Invitrogen). All cell lines were maintained at 37 °C in a humidified
atmosphere of 5% CO2.
2.2. Cell treatment and irradiation
Caffeine (concentrations indicated in figure legends) was added to the culture medium 30
min prior to irradiation and remained for the duration of the experiment. For UVC
irradiation, culture medium was removed and reserved. Cultures were washed once with
warm Hank’s balanced salt solution (HBSS, Invitrogen), then placed uncovered under a UV
lamp emitting primarily 254 nm radiation at a fluence rate of 0.5 J/m2/s. Reserved medium
was added back and the cultures incubated for the indicated periods of time. Cells were
exposed to ionizing radiation (gamma rays) in their culture medium, using a 137Cs source at
a dose rate of 0.84 Gy/min.
2.3. DNA synthesis assay
Logarithmically growing cells were plated at a density of 2.5 × 105 cells per 60 mm dish and
grown at 37 °C for 36–48 h in medium containing 5 nCi/ml of [14C] thymidine (ICN
Radiochemicals) to uniformly label DNA. Radioactive medium was replaced with fresh
medium to chase [14C]-labeled precursors into DNA for at least 3 h. The effect of caffeine
concentration on DNA synthesis was measured by adding to the culture medium 5% volume
of solvent (PBS) containing caffeine at various concentrations and incubating the cultures at
37 °C for 30 min, and then pulse-labeling DNA with 10 μCi/ml [3H] thymidine for 15 min.
The time course of inhibition of DNA synthesis was measured by adding solvent only or 2
mM caffeine to the cultures, incubating them for 30 min to 8 h (see figure legend), and then
pulse-labeling DNA as indicated above. Radioactive medium was removed and plates
washed twice with cold PBS, before adding 3 ml of cold 4% trichloroacetic acid (TCA) and
incubating at 4 °C for 30 min. After washing the plates with cold 4% TCA and air drying at
4 °C, the fixed cells were dissolved in 0.4 M NaOH and transferred to test tubes. Acid-
insoluble material was collected on GF/C microfibre glass filters for measurement of
radioactivity by liquid scintillation counting. Net 3H radioactivity corrected for 14C spillover
was normalized for cell number (total 14C radioactivity). Average 3H/14C ratios from
triplicate cultures were taken as the specific activity of incorporation of [3H] thymidine in
DNA and as measurements of DNA synthesis rates in cells treated with caffeine.
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2.4. Velocity sedimentation analysis of nascent DNA
The velocity sedimentation methodology used to determine the steady-state distribution of
sizes of nascent DNA 30–45 min after irradiation of log phase cultures with either 1 J/m2
UVC or 1.5 Gy IR has been described previously [23,29].
2.5. Western-blot analyses
These were performed essentially as described [25]. Briefly, logarithmically growing cells
were seeded at 106 per 100 mm dish and incubated for 40 h. Cultures were treated as
specified in the figure legends, harvested by trypsinization, washed once in PBS, and
resuspended in lysis buffer (10 mM sodium phosphate buffer, pH 7.2, 1 mM EDTA, 1 mM
EGTA, 150 mM NaCl, 1% NP40, supplemented with 10 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride (AEBSF), 10 mM β-glycerophosphate, 10 mM sodium
orthovanadate, and 10 μg/ml of leupeptin and aprotinin). Protein concentrations were
determined using the Bio-Rad DC Protein Assay (Bio-Rad Laboratories). Samples
containing equal amounts of protein were mixed with an equal volume of 2× Laemmli
sample buffer (125 mM Tris–HCl, pH 6.8, 4% SDS, 20% glycerol) containing 5% β-
mercaptoethanol, boiled, and separated by SDS-PAGE. Proteins were transferred to
nitrocellulose and probed with antibodies against p53 (DO1; Santa Cruz), p21Cip1/Waf1
(Labvision), phosphoserine-15 p53 (Cell Signaling), actin (Santa Cruz), and DNA pol η (a
generous gift from Dr. Fumio Hanaoka, Osaka University [30]).
2.6. G1 checkpoint analysis
Cells were irradiated and/or treated with caffeine as indicated in the figure legends. Six
hours after irradiation or continuous incubation in caffeine, 10 μM 5′-bromo-2′-deoxyuridine
(BrdU; Sigma) was added to the medium and the cultures incubated for another 2 h. Cells
were harvested, washed with PBS, and fixed in PBS containing 67% ethanol. Cells were
stained with propidium iodide and fluorescein isothiocyanate (FITC)-conjugated anti-BrdU
antibody (Becton Dickinson) as described [31]. Flow cytometric analyses were done on a
FACScan machine using Summit software (Cytomation Inc.).
2.7. G2 checkpoint analysis
Mitotic cells were quantified via flow cytometric analysis by enumerating cells with 4N
DNA that stained positive for the mitotic cell-specific epitope phosphohistone H3, as
previously described [32,33]. Briefly, cells were harvested by tripsinization, washed with
PBS, and fixed in 1% formaldehyde in PBS. Fixed cells were then rinsed once with PBS
containing 67% ethanol and resuspended in PBS containing 0.5 μg of anti-phosphohistone
H3 antibody (Upstate Biotechnology), 5% FBS, 0.1% sodium azide, and 150 mM NaCl
(IFA solution). Cells were washed twice in IFA and stained with propidium iodide and
FITC-conjugated anti-mouse antibody (Santa Cruz). Flow cytometric analyses were done on
a FACScan machine using Summit software (Cytomation Inc.).
2.8. Cytotoxicity assay
UVC-induced inhibition of cell proliferation was measured as an index of cytotoxicity as
previously described [34]. Briefly, logarithmically growing cells were plated at a density of
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1 × 104 (F1-hTERT) or 1.5 × 104 (CRL1162-hTERT and derivative cell lines) cells per well
in 6-well dishes. Twenty-four hours later, the cells were irradiated with the indicated
fluences of UVC and fed with fresh medium ±1 mM caffeine. After 2 days, the old medium
was replaced with fresh medium ±1 mM caffeine. The following day (72 h after UVC
irradiation), cells were incubated with 1 μCi/ml [3H] thymidine for 1 h. As described above,
cells were washed and fixed with 4% TCA, and radioactivity in acid-insoluble material
measured by liquid scintillation counting. Reduction in the incorporation rate of [3H]
thymidine (average of triplicate cultures) was taken as an indirect measurement of the
degree of inhibition of proliferation of cells exposed to UVC. Preliminary experiments
established that under the culture conditions described here, control cultures remained in log
phase and did not reach confluence prior to the end of the experiment. This assay produced
results in concordance with the UVC-induced inhibition of colony formation in human
fibroblasts, which is a common measure of cytotoxicity in this cell type [35,36].
Colony formation was measured in logarithmically growing F1-hTERT cells that were
plated at 500 or 750 cells per 100 mm diameter dish and incubated for 18 h or less before
exposure to increasing fluences of UVC (5–10 dishes per fluence). Cells were incubated for
2 weeks, with one medium change on day 8, then cell colonies were fixed with
methanol:acetic acid (3:1 (v/v)) and stained with Giemsa. Only colonies with >50 cells were
counted. The relative colony-forming efficiency of UVC-treated cells was expressed as a
fraction of the sham-treated controls. This index of cell proliferation (clonal expansion) was
compared to that determined in the short-term assay based on [3H] thymidine incorporation
described above.
3. Results
3.1. Caffeine inhibits G2 checkpoint function
Incubation with caffeine following exposure to IR was shown previously to reverse
radiation-induced G2 delay in HeLa cells [3]. It also enhanced IR-induced cytotoxicity in a
cycle phase-dependent manner with synchronized G2 cells displaying the greatest increment
of cell killing [9,37]. Flow cytometry was used to quantify G2 checkpoint function in
diploid human fibroblasts that were immortalized by expression of telomerase [38]. Normal
fibroblasts displayed 2% of cells with 4N DNA content and expression of a mitosis-specific
phosphohistone H3 (Fig. 1A). Treatment with 1.5 Gy of IR 2 h before cell harvest reduced
the fraction of these mitotic cells to 0.1%, corresponding to 5% of control and reflecting a
radiation-induced G2 delay. AT fibroblasts displayed an attenuation of this response to IR
with a mitotic fraction in irradiated cells that was 50% of that in the sham-treated control
culture (Fig. 1B). These results confirm previous reports that the radiation-induced G2 delay
is a checkpoint response and that it is defective in AT cells [39,40]. Incubation with 2 mM
caffeine for 2.5 h had little effect on the mitotic fraction in cultures of sham-treated normal
and AT fibroblasts, but reversed the radiation-induced inhibition of mitosis by 90–100%
(Fig. 1).
AT cells displayed a 50% inhibition of mitosis post-irradiation, and this inhibition likely
reflects the activity of the ATM-and rad3-related checkpoint kinase, ATR. We and others
have shown that expression of a kinase-inactive ATR also attenuates the G2 checkpoint
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response to IR [5,38]. Our analyses suggest that ATM and ATR contribute equally to the IR-
induced G2 delay. Inactivation of either enzyme attenuates the G2 checkpoint response by
about 50%. The full ablation by caffeine of G2 checkpoint response has been attributed to its
inhibition of ATM [41]. A recent publication disputes the interpretation that ATM and ATR
are directly inhibited by caffeine in cultured cells [42]. The new findings show that ATM
autophosphorylation and ATM/ATR-dependent phosphorylation of Chk1 are resistant to
caffeine. These results imply that caffeine inhibits the signaling cascades in the G2
checkpoint response that are downstream of ATM, ATR and Chk1.
3.2. Caffeine inhibits S checkpoint function
Caffeine-enhancement of cytotoxicity by UVC also is cycle phase-dependent but S phase
cells display the greatest sensitivity. Synergistic lethality by caffeine with nitrogen mustard
was correlated with reversal of the mustard-induced inhibition of replicon initiation in S
phase cells [12,13]. The IR-induced S checkpoint response of inhibition of replicon
initiation is ATM-dependent, as shown in Fig. 2. While normal fibroblasts responded to IR
with a selective inhibition of incorporation of radiolabeled precursor in low molecular
weight nascent DNA intermediates, AT cells were resistant to this effect, displaying the
phenotype of radioresistant DNA synthesis. Treatment with caffeine reversed the S
checkpoint response to IR in normal fibroblasts. AT cells displayed a normal S checkpoint
response to UVC, with 1 J/m2 producing the same selective inhibition of replicon initiation
in normal and AT cells. We have recently demonstrated that the UVC-induced inhibition of
replicon initiation is an ATR- and Chk1-dependent S checkpoint response [25]. Incubation
with caffeine post-UVC reversed the inhibition of replicon initiation in normal and AT
fibroblasts (Fig. 2). Thus, caffeine also ablated the S checkpoint responses to radiation-
induced cellular damage.
In view of the recent report that caffeine does not inhibit ATM and ATR in cells [42], we
performed a western immunoblot analysis of Chk1 phosphorylation in HeLa cells after
treatment with UVC and IR. While both 1 J/m2 UVC and 5 Gy IR induced the
phosphorylation of Chk1 at ser317 within 45 min after treatment, these effects were not
blocked by caffeine (results not shown), confirming the observations by Cortez [42].
3.3. Caffeine does not inhibit G1 checkpoint function but induces G1 delay
To complete our survey of caffeine effects on cell cycle checkpoint function in diploid
human fibroblasts, we quantified radiation-induced G1 checkpoint function in the presence
or absence of caffeine. Treatment of normal human fibroblasts with 1.5 Gy IR produced a
selective 97% reduction of cells in the first half of S phase, as seen by labeling cells with
BrdU 6–8 h after irradiation (Fig. 3A). This selective emptying of the early S compartment
is a checkpoint response to IR, as AT fibroblasts were resistant to this effect (Fig. 3B). No
significant increment of S phase cells was observed in cultures of irradiated normal human
fibroblasts upon post-irradiation incubation with caffeine (Figs. 3A and 4A). However,
caffeine alone at 2 mM reduced the fraction of cells in early S phase by 70–80% in normal
and AT fibroblast cultures (Figs. 3 and 5A). Quantification of G1 checkpoint function in
three independent experiments using normal human fibroblasts is shown in Fig. 4. While IR
reduced the mean fractions of fibroblasts in the first half of S phase from 12 to 0.7%, a
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similar fraction of 0.7% of cells were in early S phase following post-irradiation incubation
with 2 mM caffeine. Caffeine alone reduced the fraction of cells in early S phase from 12 to
4%. Consequently, when expressed as a percentage of the sham-treated control (Fig. 3),
caffeine-treated cultures appeared to have an attenuation of the G1 checkpoint response to
IR. Such an attenuation became more evident when the caffeine concentration was increased
to 5 mM (Fig. 3A), a concentration that significantly inhibits DNA synthesis in human
fibroblasts, as discussed below (Fig. 6). In comparison to the 90–100% reversal of G2 (Fig.
1) and S (Fig. 2) checkpoint responses to IR produced by 2 mM caffeine, the G1 checkpoint
response to IR (Fig. 3A) was substantially non-responsive to this concentration of caffeine
(Figs. 3A and 4A). In the same experiments, quantification of cells in the G2/M
compartment 8 h post-IR revealed the expected IR-induced accumulation associated with G2
delay (Fig. 4B). Post-irradiation incubation with caffeine reversed this effect, indicating that
in the same population of cells in which G1 arrest was little affected by caffeine, the G2
checkpoint response was completely abrogated.
Flow scattergrams and quantitation of cells in the first half of S indicated that 2 mM caffeine
alone induced a significant G1 delay in normal and AT fibroblasts (Figs. 3 and 5A). To
determine whether the G1 delay that was induced by caffeine required p53 signaling, we
tested whether inactivation of p53 with HPV16E6 oncoprotein would eliminate this G1
delay. Incubation of E6-expressing and vector-control fibroblasts with 2 or 5 mM caffeine
for 8.5 h produced the same 70–80% reduction of cells in the first half of S phase (Fig. 5A).
This finding indicated that p53 function, and any other function affected by HPV16E6, was
not required for the caffeine-induced G1 delay.
ATM phosphorylates p53 on ser15, and ATM signaling is required for induction of p53
protein after IR. Activation of p53 induces synthesis of the cyclin-dependent kinase inhibitor
p21Cip1/Waf1 as the effector of the ATM- and p53-dependent G1 checkpoint response.
Western immunoblot analysis was done to test whether caffeine affected p53 signaling in
response to IR. While treatment with IR induced p53 protein, p53-ser15 phosphorylation
and p21Cip1/Waf1 expression in normal fibroblasts, these effects were not reversed by
incubation in caffeine (Fig. 5B). Incubation with caffeine induced neither p53 or p21 but,
rather, reduced expression of p21Cip1/Waf1 in both irradiated and unirradiated cells. As
p21Cip1/Waf1 is, in part, growth-regulated, this may reflect the inhibition of cell proliferation
induced by caffeine as described above. The caffeine-induced G1 delay therefore appears to
be independent of the ATM/p53/p21Cip1/Waf1 signaling pathway.
3.4. Caffeine inhibits DNA synthesis
Previous studies of caffeine using transformed or cancer cell lines showed that
concentrations higher than 3 mM inhibited DNA synthesis and inactivated clonal expansion
[13]. To explore this dose-dependence on diploid human fibroblasts, we monitored
incorporation of [3H] thymidine after a brief incubation with various concentrations of
caffeine, or after prolonged incubation with 2 mM caffeine (Fig. 6). Normal and AT
fibroblasts were both sensitive to inhibition of incorporation of [3H] thymidine by high
concentrations of caffeine. While 1–2 mM inhibited DNA synthesis on average by about
30%, 30 min incubation with 5 mM reduced [3H] thymidine incorporation by 60% and 10
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mM reduced it by >80% (Fig. 6A). During the first 2 h of incubation with 2 mM caffeine,
incorporation of [3H] thymidine varied from 60 to 70% of control in AT cells and 85–95%
of control in normal fibroblasts (Fig. 6B). Thereafter, incorporation declined more or less
continuously, such that incorporation was reduced to 30% of control after 8 h incubation in
caffeine. This degree of inhibition (70%) was similar to the reduction in S phase cells that
were labeled with BrdU 6.5–8.5 h after addition of caffeine. The inhibition of incorporation
of [3H] thymidine 4–8 h after addition of 2 mM caffeine therefore reflects the caffeine-
induced G1 delay.
3.5. DNA pol η suppresses the enhancement of UVC cytotoxicity by caffeine
Although a variety of data suggest that caffeine enhancement of cytotoxicity may be due to
abrogation of protective cell cycle checkpoint function, other effects of caffeine on DNA
repair might also contribute. For example, pol η-dependent translesion synthesis of UVC-
induced pyrimidine dimers provides a modest increment of protection against cytotoxicity
over that afforded by nucleotide excision repair [43,44]. Caffeine has long been known to
interfere with processes commonly known as post-replication repair [24,45,46], inhibiting in
particular an ill-defined post-replication repair pathway that is operational in XP variant
cells [35,47,48]. As shown in Fig. 2, caffeine does not appear to interfere with pol η-
dependent translesion synthesis, as the inhibition of DNA chain elongation was not
enhanced in normal human and AT fibroblasts by post-UVC incubation with caffeine. It is
conceivable that caffeine may inhibit a pol η-independent post-replication repair process, as
suggested by one notable study. Lehmann [46] showed that the average size of nascent DNA
strands that were synthesized in pol η-defective XP variant cells in the presence of caffeine
was equivalent to the average spacing between pyrimidine dimers. This observation
suggested that the caffeine-sensitive post-replication repair pathway retained by XP variant
cells involves pol eta-independent mechanism(s) of repair of daughter-strand gaps formed
across UVC-induced DNA photoproducts. To disclose an effect of caffeine on post-
replication repair, we employed an assay that quantified DNA synthesis in diploid normal
and XP variant fibroblasts 72 h after treatment with UVC. As illustrated in Fig. 7A, this
short-term assay for inhibition of cell proliferation [34] agreed very well with an assay of
colony formation as surrogates of radiation-induced cytotoxicity. Normal human fibroblasts
displayed a dose-dependent decrease in colony-formation efficiency or inhibition of DNA
synthesis post-UVC with a 60% reduction at 8 J/m2 and 90% reduction at 12 J/m2. Addition
of 1 mM caffeine for the 72 h post-UVC had only a small effect in normal human
fibroblasts. XP variant fibroblasts (CRL1162-hTERT) displayed increased sensitivity to
UVC with 70% inhibition of DNA synthesis after 4 J/m2 and >90% inhibition after 8 J/m2
(Fig. 7B). In contrast to the minor enhancement seen in normal fibroblasts, incubation of XP
variant cells with caffeine post-UVC produced a significant increment of inhibition of DNA
synthesis. While 4 J/m2 reduced synthesis to 30% of the control in the absence of caffeine,
in its presence 4 J/m2 reduced synthesis to 2% of control. Similarly, in the absence of
caffeine 2 J/m2 reduced synthesis to 70% of control but in the presence of caffeine 2 J/m2
reduced synthesis to 10% of control. In summary, the short-term assays [34], in full
agreement with measurements of colony formation [49], confirmed that XP variant cells
display hypersensitivity to caffeine enhancement of cytotoxicity by UVC.
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The CRL1162-hTERT line was transduced with DNA pol η or the empty vector by infection
with a replication-defective retrovirus. Fig. 8A illustrates the expression of DNA pol η in the
CRL1162+XPV cell line. XP variant cells that were infected with the empty vector alone
displayed the expected hypersensitivity to UVC. XP variant cells that were transduced with
DNA pol η displayed sensitivity to UVC equivalent to that seen in the F1-hTERT normal
fibroblast line (Fig. 8B). Thus, caffeine-enhancement of cytotoxicity in XP variant cells was
related to the defect in expression of DNA pol η.
4. Discussion
This survey of the effects of caffeine on DNA metabolism in diploid human fibroblast
strains confirmed the inhibition of ATM- and ATR-dependent S and G2 checkpoint function
and enhancement of UVC cytotoxicity in DNA pol η-defective XP variant cells.
Unexpectedly, especially in view of a previous report [50], caffeine at 2 mM concentration
did not inhibit ATM-dependent G1 checkpoint function. There was no decrement of IR-
induced G1 arrest under conditions in which G2 delay was ablated. This result suggests that
ATM signaling in G1 cells may be resistant to caffeine. The fact that caffeine also induced
G1 delay in the absence of damage reveals a potential limitation in the use of checkpoint
inhibitors to enhance cytotoxicity of chemo- and radiotherapies. Although the magical
reversal of checkpoint function by caffeine is now well established, several of the biological
effects of caffeine identified here remain a mystery.
Previous studies had indicated that caffeine inhibited ATM and ATR signaling in
checkpoints acting in G1, S and G2 [2,41,51]. We were not surprised therefore to find that
caffeine fully abrogated ATM-and ATR-dependent S and G2 checkpoint responses in IR-
and UVC-treated human fibroblasts. We were surprised to find that caffeine did not abrogate
ATM-and p53-dependent G1 checkpoint response to IR under conditions in which G2 delay
was fully reversed. ATM-dependent phosphorylation of p53 at ser15 and p53-dependent
induction of p21Cip1/Waf1 were not inhibited by caffeine, indicating that ATM function in
G1 cells was insensitive to caffeine. Recently, Cortez [42] showed that caffeine did not
inhibit ATM autophosphorylation nor ATM- and ATR-dependent phosphorylation of Chk1
in cells with DNA damage, even though it inhibited the G2 checkpoint response to DNA
damage. We confirmed that caffeine did not block ATM- and ATR-dependent
phosphorylation of Chk1. These results suggest that caffeine must interfere with signaling
downstream of ATM, ATR, and Chk1 to abrogate S and G2 checkpoint responses to DNA
damage.
The S checkpoint response to IR-induced DNA damage has been shown to involve signaling
through ATM and Chk2 to Cdc25A [52], and the G2 checkpoint response to IR includes
signaling from ATM, ATR and Chk1 to Cdc25C [53]. The Cdc25 protein phosphatases
(Cdc25A, Cdc25B and Cdc25C) are dual specificity phosphatases that activate Cdk1 and
Cdk2 by removing inhibitory phosphotyrosine and phosphothreonine residues from the ATP
binding site [54]. One arm of DNA damage checkpoint responses includes ATM-dependent
phosphorylation of Cdc25’s by Chk1 and Chk2. Phosphorylation of Cdc25A leads to its
proteolysis [52] while phosphorylation of Cdc25C creates a 14-3-3 binding site to sequester
the protein in the cytoplasm and possibly inhibit activity [53,55]. The net effect of
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phosphorylation of Cdc25’s is to sustain inhibition of Cdk1 and Cdk2, which are required
for initiation of mitosis and DNA synthesis, respectively. As caffeine does not block
intracellular ATM autophosphorylation and phosphorylation of Chk1 and Chk2 [42], the
Cdc25 pathway does not appear to be the target of checkpoint abrogation by caffeine.
Inactivation of the Cdc25C regulatory pathway by expression of Cdk1AF, a non-
phosphorylatable form of Cdk1, produced only a modest reversal of G2 checkpoint function
[56]. Subsequent studies demonstrated that cyclin B1/Cdk1 complexes were also regulated
by cellular compartmentalization, with the Crm1 nuclear exporter actively sequestering
cyclin B1 in the cytoplasm [57,58]. Phosphorylation of cyclin B1 by the Polo-like kinase,
Plk1, blocks Crm1-mediated nuclear export allowing nuclear accumulation of cyclin B1
[59]. Plk1 is inhibited by IR-induced DNA damage by an ATM-dependent mechanism
[60,61]. The net effect of ATM/Plk1/cyclin B1 signaling is to block nuclear accumulation of
cyclin B1/Cdk1 complexes, thereby preventing entry into mitosis. The ATR-dependent
decatenation checkpoint also appears to rely upon inhibition of Plk1 to block the onset of
mitosis [62]. Caffeine has been shown to block the IR-induced inhibition of Plk1 [61]
suggesting at least one mechanism whereby caffeine abrogates G2 checkpoint function.
Quantification of [3H] thymidine incorporation is a sensitive measure of UVC-induced
genotoxicity and cytotoxicity. Caffeine enhanced genotoxicity in UVC-treated XP variant
cells and this effect was fully reversed by expression of DNA pol η. We had originally
interpreted this phenomenon of caffeine enhancement of genotoxicity to reflect a
requirement for ATR to prevent the demise of replication forks blocked at cyclobutane
pyrimidine dimers, in analogy to the requirement for Mec1 in alkylated yeast strains [63]. In
view of the apparent insensitivity of intracellular ATR to caffeine this hypothesis in
untenable. Treatment of XP variant cells with UVC leads to a condition in S phase cells with
many blocked growing points and replicative gaps due to the absence of the bypass
polymerase pol η. This condition may be similar to that produced by hydroxyurea in pol η-
expressing cells, and the combination of hydroxyurea and caffeine is particularly lethal in
mammalian cells [64]. These observations imply that there is a caffeine-sensitive pathway
that stabilizes arrested replication forks or replicative gaps. The work of Lehmann [46]
implies that this pol η-independent pathway may facilitate bypass of cyclobutane pyrimidine
dimers. Work must now focus on the caffeine-sensitive steps of processing of nascent DNA
at arrested replication forks and growing points. It will be particularly interesting to
determine whether the caffeine-sensitive regulation of Plk1 intersects with signaling at
arrested growing points.
The mechanism of caffeine-induced G1 delay remains to be determined. Caffeine has long
been known to induce a G1 delay in mammalian cells [65–67], and we showed that caffeine-
induced ~75% inhibition of G1/S progression in diploid human fibroblast strains. ATM and
p53 were not required as AT cells and cells expressing HPV16E6 to inactivate p53 also
arrested in G1 when incubated in caffeine. The caffeine-induced G1 delay was not
associated with induction of p21Cip1/Waf1. Previous studies of caffeine effects on the cell
cycle have been devoted largely to cancer cell lines, which often display defects in G1
checkpoint function deriving from inactivation of p53 and pRB regulatory pathways. For
example, HeLa cells express HPV18E6 and E7 to inactivate p53 and pRB. The fact that
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caffeine produced only a modest G1 delay in HeLa cells suggests that pRB may be required
for the caffeine-induced G1 delay [3]. We had entertained the thought that the effect could
be a DNA damage response. However, because p53 was not required and p21Cip1/Waf1 was
not induced by caffeine, this possibility appears unlikely. Caffeine might affect some
component of the signaling pathway that inactivates pRB to promote S phase entry. Clearly
caffeine does not inhibit cyclin B1/Cdk1 which is the cyclin-dependent kinase that promotes
G2/M progression. As caffeine did not induce a dramatic inhibition of DNA synthesis at 1–2
mM, it seems unlikely that it inhibits the cyclin E/Cdk2 and cyclin A/Cdk2 complexes that
are required for initiation of replication and progression through S. Perhaps the cyclin D1/
Cdk4,6 complexes that are required for inactivation of pRB are sensitive to caffeine.
In summary, caffeine has the magical property of reversing S and G2 checkpoint function
and reducing DNA repair in irradiated cells. Mysteries remain concerning how intracellular
ATM and ATR checkpoint kinases resist caffeine, the nature of the caffeine-sensitive steps
in the S and G2 checkpoints, and how caffeine induces G1 delay.
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Caffeine inhibits G2 checkpoint function. Logarithmically growing F1-hTERT (A) and AT-
hTERT (B) fibroblasts were pretreated with 2 mM caffeine for 30 min prior to either being
sham-treated or irradiated with 1.5 Gy. Two hours post-IR the cells were harvested and
processed as described in Section 2 for determination of mitotic index. Propidium iodide
was used to stain DNA (X-axis) and an antibody specific for phosphohistone H3 was used to
stain mitotic cells (Y-axis).
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Caffeine abrogates the ATM- and ATR-dependent S checkpoints. F1-hTERT and AT-
hTERT fibroblasts were uniformly labeled with [14C] thymidine as described and incubated
for 30 min in medium alone or medium containing 2 mM caffeine. Cells were sham-treated
or irradiated with 1 J/m2 UVC or 1.5 Gy IR, incubated in reserved medium for 30 min and
then pulse-labeled with [3H] thymidine for 15 min. Cells were harvested and nascent DNA
separated by velocity sedimentation (see Section 2). Net 3H radioactivity corrected for 14C
spillover was normalized to cell number (total 14C radioactivity). Open circles: sham-treated
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cells; closed circles: irradiated cells. The UVC profiles illustrated in this figure have been
previously published [25].
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Caffeine does not inhibit G1 checkpoint function but induces a G1 delay. Logarithmically
growing F1-hTERT (A) and AT-hTERT (B) fibroblasts were pretreated with 0, 2, or 5 mM
caffeine for 30 min prior to being sham-treated or irradiated with 1.5 Gy. Cells were
incubated for 6 h and then pulsed with 10 mM BrdU for 2 h. Cells were harvested and
analyzed for G1 checkpoint function by flow cytometry as described in Section 2.
Propidium iodide was used to stain for DNA content (X-axis) and anti-BrdU-FITC to stain
BrdU-labeled cells (Y-axis). Numbers within the boxes represent the fraction of total cells in
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the first half of S phase. The indicated percent of control was calculated from the matched
sham profile (non-irradiated profile from cells incubated in the same concentration of
caffeine).
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Caffeine reverses IR-induced G2 delay but not G1 arrest. The effect of IR and caffeine (2
mM) on G1 and G2 checkpoint function in F1-hTERT fibroblasts was determined by flow
cytometric studies as illustrated in Fig. 3. Results from several experiments were graphed as
the average percent of cells in early S phase (A) or the percentage of cells in G2/M (B)
(mean ± S.D., n = 3).
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Caffeine-induced G1 delay is independent of p53. (A) Logarithmically growing F1-hTERT-
LXIN, F1-hTERT-E6, and AT-hTERT fibroblasts were treated with either 0, 2, or 5 mM
caffeine for 6 h and then pulsed with BrdU for an additional 2 h. Cells were harvested and
the effect of caffeine on S phase entry analyzed by flow cytometry as described in the
legend to Fig. 3. In this graph, the Y-axis shows the percent inhibition of entry of cells into
early S by caffeine. The results shown represent the average of two experiments. (B) F1-
hTERT and AT-hTERT fibroblasts were incubated for 30 min in medium alone or medium
containing 2 mM caffeine and then either sham-treated or irradiated with 1.5 Gy IR. Cells
were incubated for 6 h and then harvested. Protein extracts were prepared and 100 μg of
total protein analyzed by western immunoblot analysis.
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Caffeine inhibits DNA synthesis. F1-hTERT and AT-hTERT fibroblasts were grown in the
presence of [14C] thymidine for ~40 h to label DNA uniformly, and then in non-radioactive
medium for ≥3 h. (A) Cells were treated with 0, 1, 2, 5, or 10 mM caffeine, incubated at 37
°C for 30 min, and then labeled for 15 min in medium containing [3H] thymidine. (B) In
time course studies, cells were treated with 0 or 2 mM caffeine for 0.5, 1, 2, 4, 6, or 8 h and
then labeled for 15 min in medium containing [3H] thymidine. Net 3H radioactivity
corrected for 14C spillover was normalized to cell number (total 14C radioactivity).
Normalized 3H CPM was graphed as a percent of sham controls. Open circles: F1-hTERT;
closed circles: AT-hTERT.
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Caffeine enhances UVC-induced cytotoxicity. Log cultures of F1-hTERT (A) and
CRL1162-hTERT (B) were irradiated with the indicated fluences of UVC and then
incubated for 72 h in medium containing either 0 or 1 mM caffeine. Cells were pulse labeled
with 1 mCi/ml [3H] thymidine for 1 h, and acid-insoluble DNA collected on microfibre
filters. [3H] thymidine incorporation was graphed as a percent of sham controls. (A) F1-
hTERT grown in the absence (open circles) or the presence (closed circles) of 1 mM
caffeine following exposure to UVC; dashed line with open triangles represents the colony-
forming efficiency of F1-hTERT in the absence of caffeine. (B) CRL1162-hTERT grown in
the absence (open triangles) or the presence (closed triangles) of 1 mM caffeine after
irradiation; the dashed line represents the results with F1-hTERT grown in the absence of
caffeine (open circles in A).
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DNA pol eta suppresses the enhancement of UVC cytotoxicity by caffeine. (A) Log cultures
of CRL1162-pLXIN (−) and CRL1162-pLXIN-XPV (+) fibroblasts were harvested and
whole cell extracts were prepared. Protein (50 μg) was separated on an 8% SDS-PAGE and
then probed with specific antibodies against DNA pol η and actin. (B) Log cultures of
CRL1162-pLXIN (closed triangles), CRL1162-hTERT-XPV (open triangles), and F1-
hTERT (dashed line) fibroblasts were irradiated with indicated fluences of UVC and
incubated for 72 h in medium containing 1 mM caffeine. The degree of cytotoxicity was
determined as described in the legend to Fig. 7. The dashed line represents the results
observed with F1-hTERT in the presence of caffeine (Fig. 7A, closed circles).
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